Fanconi anemia (FA)[^3^](#FN3){ref-type="fn"} is a genetic disorder characterized by chromosome instability, predisposition to cancer, hypersensitivity to DNA cross-linking agents, developmental abnormalities, and bone marrow failure ([@B1][@B2][@B3][@B4][@B5][@B6][@B7][@B8]--[@B9]). There are at least 13 distinct FA complementation groups, each of which is associated with an identified gene ([@B2], [@B9], [@B10]). Eight of them are components of the FA core complex (FANC A, B, C, E, F, G, L, and M) that is epistatic to the monoubiquitination of both FANCI and FANCD2, a key event to initiate interstrand cross-link (ICL) repair ([@B2], [@B9], [@B11]). Downstream of or parallel to the FANCI and FANCD2 monoubiquitination are the proteins involved in double strand break repair and breast cancer susceptibility (*i.e.* FANCD1/BRCA2, FANCJ/BRIP1, and FANCN/PALB2) ([@B2], [@B9]).

*FANCI* is the most recently identified FA gene ([@B11][@B12]--[@B13]). FANCI protein is believed to form a FANCI-FANCD2 (ID) complex with FANCD2, because they co-immunoprecipitate with each other from cell lysates and their stabilities are interdependent of each other ([@B9], [@B11], [@B13]). FANCI and FANCD2 are paralogs to each other, since they share sequence homology and co-evolve in the same species ([@B11]). Both FANCI and FANCD2 can be phosphorylated by ATR/ATM (ataxia telangiectasia and Rad3-related/ataxia telangiectasia-mutated) kinases under genotoxic stress ([@B11], [@B14], [@B15]). The phosphorylation of FANCI seems to function as a molecular switch to turn on the FA repair pathway ([@B16]). The monoubiquitination of FANCD2 at lysine 561 plays a critical role in cellular resistance to DNA cross-linking agents and is required for FANCD2 to form damage-induced foci with BRCA1, BRCA2, RAD51, FANCJ, FANCN, and γ-H2AX on chromatin during S phase of the cell cycle ([@B17][@B18][@B19][@B20][@B21][@B22][@B23][@B24]--[@B25]). In response to DNA damage or replication stress, FANCI is also monoubiquitinated at lysine 523 and recruited to the DNA repair nuclear foci ([@B11], [@B13]). The monoubiquitination of both FANCI and FANCD2 depends on the FA core complex ([@B11], [@B13], [@B26]), and the ubiquitination of FANCI relies on the FANCD2 monoubiquitination ([@B2], [@B11]). In an *in vitro* minimally reconstituted system, FANCI enhances FANCD2 monoubiquitination and increases its specificity toward the *in vivo* ubiquitination site ([@B27]).

FANCI is a leucine-rich peptide (14.8% of leucine residues) with limited sequence information to indicate which processes it might be involved in. Besides the monoubiquitination site Lys^523^ and the putative nuclear localization signals ([Fig. 1](#F1){ref-type="fig"}*A*), FANCI contains both ARM (armadillo) repeats and a conserved C-terminal EDGE motif as FANCD2 does ([@B11], [@B28]). The EDGE sequence in FANCD2 is not required for monoubiquitination but is required for mitomycin C (MMC) sensitivity ([@B28]). The ARM repeats form α-α superhelix folds and are involved in mediating protein-protein interactions ([@B11], [@B29]). In addition, FANCI, at its N terminus, contains a leucine zipper domain (aa 130--151) that could be involved in mediating protein-protein or protein-DNA interactions ([Fig. 1](#F1){ref-type="fig"}*A*) ([@B30][@B31][@B32]--[@B33]). FANCD2, the paralog of FANCI, was reported to bind to double strand DNA ends and Holliday junctions ([@B34]).

In order to delineate the function of FANCI protein, we purified the recombinant FANCI from the baculovirus expression system. In this study, we report the DNA binding activity of FANCI. Unlike FANCD2, FANCI binds to different DNA structures, including single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), 5′-tailed, 3′-tailed, splayed arm, 5′-flap, 3′-flap, static fork, and Holliday junction with preference toward branched structures in the presence of FANCD2. Our data suggest that the dynamic DNA binding activity of FANCI and the preferential recognition of branched structures by the ID complex are likely to be the mechanisms to initiate downstream repair events.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Expression and Purification of Recombinant FA Proteins

cDNAs for human FANCI and FANCD2 were obtained by PCR amplification from a universal cDNA pool (BioChain Institute, Inc.). The FANCI cDNA matches the NCBI Reference Sequence NM_001113378, and the FANCD2 cDNA matches NM_001018115. The full-length open reading frames for both of them were sequenced before expression. Both FANCI and FANCD2 were expressed in insect High Five cells using the Bac-to-Bac expression system (Invitrogen). The site-directed mutations were introduced into the *FANCI* gene through a PCR-based method ([@B35]). The expression of these proteins was confirmed by Western blot analysis using the Pierce ECL kit. Antibodies against FANCI and FANCD2 were kindly provided by Weidong Wang (NIA, National Institutes of Health) or by the Fanconi Anemia Research Fund. A monoclonal antibody against the hexahistidine tag (Calbiochem) was also used to confirm expression and subsequent purification. Upon expression of the recombinant proteins in insect cells, the cells were homogenized using a Dounce homogenizer to prepare extracts. Hexahistidine-tagged wild-type and mutant FANCI proteins and FANCD2 were purified by using a HiTrap chelating column charged with nickel, Mono Q, Mono S, and/or Superdex 200 gel filtration column (GE Healthcare). Protein concentration was determined by the Coomassie (Bradford) protein assay reagent (Pierce). The purified proteins were stored at −80 °C in aliquots.

#### DNA Binding Assay and Supershift Assay

Oligonucleotides used to create ssDNA (61-mer), dsDNA (61 bp), 5′-tailed (30-mer for single-stranded part and 31-bp for double-stranded part), 3′-tailed (30 bp for double-stranded part and 31-mer for single-stranded part), splayed arm (30 for double-stranded part and 31-mer for single-stranded part), 5′-flap (with 31-mer flap), 3′-flap (with 31-mer flap), static fork (all three arms are 30 bp), and static Holliday junction (all four arms are symmetrically 30 bp) were adopted from the excellent design by Gari *et al.* ([@B36]) with the same sequences. The annealing was carried out in a water bath within ∼5 h by slowly cooling from 85 to 20 °C. The quality of annealing was monitored by native gel electrophoresis. Proper annealing was verified by the mobility of a corresponding substrate (*e.g.* static Holliday junction moves slowest because of its largest size). DNA-binding electrophoretic mobility shift assay (EMSA) analyses were performed in 10-μl reactions containing 25 m[m]{.smallcaps} Tris-HCl, pH 7.5, 100 m[m]{.smallcaps} NaCl, 5 m[m]{.smallcaps} EDTA, 1 m[m]{.smallcaps} DTT, 6% glycerol, 1 n[m]{.smallcaps} 5′-^32^P-labeled oligonucleotide substrates, and the indicated amounts of protein. The reactions were incubated at 18 °C for 45 min, followed by the addition of 4 μl of 50% (w/v) sucrose. The reaction mixtures were resolved by electrophoresis through a 4% nondenaturing polyacrylamide gel in 1× TAE (40 m[m]{.smallcaps} Tris-acetate, pH 7.6, 10 m[m]{.smallcaps} EDTA) buffer with 6% glycerol and visualized by autoradiography. With the Owl P9DS (Thermo Scientific) electrophoresis system, the setting was 100 V (∼1.5 watts/gel) for 40 min. The supershift assay was conducted using 80 n[m]{.smallcaps} FANCI. 1 μl of anti-FANCI antibody (courtesy of Weidong Wang, National Institutes of Health) was incubated with FANCI on ice in the above reaction buffer for 2.5 h prior to the addition of ^32^P-labeled ssDNA substrate. After 45 min of incubation at 18 °C, the reaction mixture was resolved by electrophoresis for 1 h at 100 V and visualized by autoradiography.

#### Co-Immunoprecipitation Assay

6 pmol of the purified non-tagged FANCD2 was mixed with 6 pmol of the purified His~6~-tagged FANCI, FANCI-R1285Q, FANCI-D1301A, FANCI-(1--1000), or FANCI-(1001--1328) proteins as indicated in 100 μl of reaction buffer (150 m[m]{.smallcaps} KCl, 20 m[m]{.smallcaps} Tris-HCl, pH 7.6, 250 μg/ml BSA, 0.45% Nonidet P-40). After incubation on ice for 10 min, an anti-His~6~ antibody (Calbiochem) was added, and the mixture was incubated on a nutator at 4 °C overnight. Agarose A beads were then included to precipitate the tagged FANCI and interacting FANCD2 at 4 °C for 1 h. After the beads were washed in the lysis buffer (50 m[m]{.smallcaps} Tris-HCl, pH 8.0, 5 m[m]{.smallcaps} EDTA) twice with 300 m[m]{.smallcaps} NaCl and twice with 150 m[m]{.smallcaps} NaCl, the pellet was resuspended in 8 μl of the 150 m[m]{.smallcaps} NaCl lysis buffer and subject to Western blot analysis with a FANCD2-specific antibody.

#### Immunofluorescence and Confocal Microscopy

Subconfluent HeLa-S3 cells grown on coverslips, in RPMI 1640 medium supplemented with 10% fetal bovine serum, were treated or mock-treated with 1 μ[m]{.smallcaps} mitomycin C (Sigma) or H~2~O, respectively, for 24 h. Cells were then rinsed with PBS buffer at pH 7.4 and fixed in ice-cold methanol for 10 min at −20 °C ([@B37]). After a 45-min incubation in 10% fetal bovine serum to block nonspecific protein binding, the fixed cells were incubated with the following primary antibody: affinity-purified rabbit anti-KIAA1794/FLJ10719 (FANCI) antibody (1:300; Bethyl) diluted in PBS containing 3% low fat milk at 37 °C for 2 h. After washing with PBS containing 3% low fat milk, the fixed cells were incubated with fluorescein isothiocyanate-conjugated anti-rabbit IgG antibody (1:150; Sigma) diluted in PBS containing 3% low fat milk at 37 °C for 1 h. After washing, the fixed cells were incubated again with the following primary antibody: monoclonal mouse anti-PCNA antibody (1:500; Sigma) or polyclonal goat anti-FANCD2 antibody (1:50; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) diluted in PBS containing 3% low fat milk at 37 °C for 1 h. Then, after another wash, the fixed cells were incubated with TRITC-conjugated anti-mouse IgG antibody (1:50; Sigma) or anti-goat IgG antibody (1:400; Santa Cruz Biotechnology) diluted in PBS containing 3% low fat milk at 37 °C for 1 h. After yet another wash, the fixed cells were stained with 4′,6-diamidino-2-phenylindole (Sigma) at 0.1 μg/ml to confirm nuclear localization and washed again, and the coverslips were mounted on slides using Prolong Gold antifade reagent (Invitrogen). Triton pre-extraction was performed by incubating cells for 5 min at room temperature with 0.05% (v/v) Triton X-100 in PBS ([@B38]). Cells were fixed and processed as above. Co-staining experiments included proper controls to exclude crossing of signal between channels by omitting primary antibodies. When photographed under the same conditions as the samples, the controls did not show any fluorescence above background. Fluorescence microscopy was performed using a Zeiss LSM510/UV confocal microscope with a ×63 oil immersion objective. Immunolabeled slides (*n* = 4--5 representative fields/slide) were sectioned optically at 0.5-μm intervals (one focal plane) through the cell monolayer to obtain the appropriate focal depth. Images were captured and collected using the Axiovision version 4.7 program.

RESULTS
=======

### 

#### FANCI Is a DNA-binding Protein

In response to DNA-damaging agents, FANCI, together with FANCD2, forms damage-induced nuclear foci ([@B11], [@B13]). In addition, FANCD2 was shown to bind to double-stranded DNA ends and Holliday junctions ([@B34]). These reports raised our interest in finding out if FANCI could bind to DNA, although no sufficient information could be obtained from its primary structure ([@B11]) ([Fig. 1](#F1){ref-type="fig"}*A*).

![**Purified human FANCI binds to DNA promiscuously.** *A*, *schematic diagram* of predicted FANCI motifs and mutagenesis strategy to define the DNA binding domain. The ranges of numbers indicate how FANCI was truncated (*e.g. 801--1328* represents FANCI-(801--1328)). *NLS*, predicted nuclear localization signal (aa 779--795 and 1323--1328); *K523*, lysine 523, the monoubiquitination site. The leucine zipper (*orange bars*, aa 130--151), ARM repeats (*green bars*), and EDGE motif (*blue bars*) are indicated. *Red bars* with a *slash* indicate the point mutations shown on the *left. B*, SDS-PAGE of the purified proteins stained with Coomassie Brilliant Blue R-250. R1285Q and D1301A are two point mutants of FANCI. All FANCI variants are tagged by hexahistidine. FANCD2 is in its native form. Protein markers in kilodaltons are indicated. *C*, titration of WT-FANCI for the DNA binding activity. *Diagrams* of the DNA substrates are shown at the *top* of each set of reactions. \*, ^32^P-labeled 5′-end. *HJ*, Holliday junction. Concentrations of FANCI were 0, 20, 40, 60, and 80 n[m]{.smallcaps} (*ascending triangles*). The substrate concentration was 1 n[m]{.smallcaps}. Protein-DNA complex is indicated by an *arrow. D*, supershift assay. 1 n[m]{.smallcaps} of ssDNA was incubated with PBS (*lane 1*), 80 n[m]{.smallcaps} FANCI alone (*lane 2*), and 80 n[m]{.smallcaps} FANCI preincubated with a specific FANCI antibody (*lane 3*) in the condition described under "Experimental Procedures."](zbc0390986780001){#F1}

Full-length human FANCI with an N-terminal hexahistidine tag was purified to near homogeneity from the Bac-to-Bac baculovirus system ([Fig. 1](#F1){ref-type="fig"}*B*). The purified FANCI did not seem to be modified by either phosphorylation or ubiquitination, as indicated by a single FANCI band in SDS-PAGE and Western blot analysis using a FANCI-specific antibody and an anti-His~6~ antibody ([Fig. 1](#F1){ref-type="fig"}*B*) (data not shown). Increasing amounts of purified FANCI were then incubated with nine different oligonucleotide DNA substrates, including ssDNA, dsDNA, 5′-tailed, 3′-tailed, splayed arm, 5′-flap, 3′-flap, static fork, and static Holliday junction ([Fig. 1](#F1){ref-type="fig"}*C*, *top*). An EMSA indicated that FANCI binds to all DNA structures in a concentration-dependent manner ([Fig. 1](#F1){ref-type="fig"}*C*). It seemed that FANCI by itself does not have significantly higher affinity toward any particular structure. The FANCI concentration was between 40 and 60 n[m]{.smallcaps} when roughly half of DNA substrates were shifted. A supershift assay with a FANCI-specific antibody, ssDNA, and purified FANCI confirmed that the shift was specifically caused by FANCI ([Fig. 1](#F1){ref-type="fig"}*D*). These results indicate that human FANCI is a promiscuous DNA-binding protein.

#### DNA Binding Domain of FANCI

To define the DNA binding domain of FANCI, we created a series of N- and C-terminal truncation mutants and purified them to near homogeneity ([Fig. 1](#F1){ref-type="fig"}, *A* and *B*). Removal of the N-terminal 800 amino acids (FANCI-(801--1328)) did not reduce the DNA binding activity of FANCI ([Fig. 2](#F2){ref-type="fig"}, compare *B* with *A*), although it changed the interacting behavior with DNA. The mobility of the DNA-protein complex declined as the protein amount increased, indicating that the complex formation could be relatively unstable when less protein is included.

![**DNA binding domain of FANCI.** EMSAs were performed with titration of the indicated FANCI truncation mutants. Concentrations of the mutants were 0, 20, 40, 60, and 80 n[m]{.smallcaps} (*ascending triangles*). The substrate concentration was 1 n[m]{.smallcaps}. *Diagrams* of the DNA substrates are shown at the *top* of each set of reactions. \*, ^32^P-labeled 5′-end. *Brackets*, protein-DNA complex. *A*, WT-FANCI was included for convenient comparison. *B*, FANCI-(801--1328). *C*, FANCI-(1001--1328). *D*, FANCI-(1--1000). *E*, FANCI-(1--800). *F*, FANCI-(1--600). *G*, FANCI-(1--400). *H*, FANCI-(1--200). *WT*, wild type.](zbc0390986780002){#F2}

Further removal of 200 additional N-terminal amino acids from FANCI (FANCI-(1001--1328)) completely abolished its DNA binding activity ([Fig. 2](#F2){ref-type="fig"}*C*). On the contrary, the N-terminal FANCI-(1--1000) moiety of FANCI retained robust binding activity to DNA ([Fig. 2](#F2){ref-type="fig"}*D*). These results suggest that the C-terminal 328-aa fragment is dispensable for DNA binding, and the C-terminal boundary of the DNA binding domain is around amino acid 1000.

To define the N-terminal boundary of the DNA binding domain, we created and purified a series of C-terminal truncation mutants ([Fig. 1](#F1){ref-type="fig"}, *A* and *B*). Compared with FANCI-(1--1000), the N-terminal FANCI-(1--800) fragment had the same robust binding activity toward all DNA structures except for the dsDNA, where a very significant reduction in DNA binding was steadily observed with the aa 1--800 fragment ([Fig. 2](#F2){ref-type="fig"}, compare *E* with *D*). This result indicates that the area from residue 801 to residue 1000 on FANCI could contain a regulatory element for selective dsDNA binding. Multiple shift bands on most substrates (except for dsDNA) and an unusually fast moving band for Holliday junction seemed to be unique to this mutant when a 40--60 n[m]{.smallcaps} concentration of the protein was used ([Fig. 2](#F2){ref-type="fig"}, compare *E* with other *panels*; discussion below).

Further shortening the N-terminal fragment to 600 aa (FANCI-(1--600)) did not seem to reduce its affinity to DNA significantly ([Fig. 2](#F2){ref-type="fig"}*F*). The overall activity of FANCI-(1--600) is very close to wild-type FANCI ([Fig. 2](#F2){ref-type="fig"}, compare *F* with *A*). Removal of an additional 200 amino acids (FANCI-(1--400)) significantly reduced DNA binding activity and drastically increased instability of the interaction between FANCI and DNA substrates, as indicated by the smear shift bands ([Fig. 2](#F2){ref-type="fig"}*G*). The purified extreme N terminus of FANCI (FANCI-(1--200)), which contains a leucine zipper, did not show any affinity to all DNA substrates in the titration range ([Fig. 2](#F2){ref-type="fig"}*H*). In summary, these results indicate the DNA binding domain of FANCI is roughly from residue 200 to 1000. The size of the FANCI DNA binding domain resembles the one for FANCD2, where the full-length protein is required for DNA binding ([@B34]).

#### Two C-terminal FANCI Point Mutations Cause Altered DNA Binding

An arginine to glutamine point mutation at the C terminus of FANCI (FANCI^R1285Q^) is the disease-causing mutation ([@B11], [@B12]). FANCI with the R1285Q mutation failed to restore MMC resistance and was unable to localize to damage-induced foci despite strong protein expression ([@B11]). Because the DNA binding ability could be one of the contributing factors to foci formation, we investigated whether the R1285Q mutation has any effect on DNA binding of FANCI. The purified FANCI^R1285Q^ protein ([Fig. 1](#F1){ref-type="fig"}*B*) indeed showed slightly reduced DNA binding activity toward all DNA substrates when compared with the wild-type FANCI ([Fig. 3](#F3){ref-type="fig"}*A*, *R1285Q panel*). Quantitative analyses of the representative shifts caused by dsDNA, splayed arm, and Holliday junction further confirmed the moderate but consistent reduction in DNA binding activity ([Fig. 3](#F3){ref-type="fig"}*B*).

![**DNA binding activity of FANCI R1285Q and D1301A.** *A*, EMSAs of FANCI R1285Q and D1301A. Concentrations of the mutants were 0, 20, 40, 60, and 80 n[m]{.smallcaps} (*ascending triangles*). The substrate concentration was 1 n[m]{.smallcaps}. *Diagrams* of the DNA substrates are shown at the *top* of each set of reactions. \*, ^32^P-labeled 5′-end. Protein-DNA complex is indicated by a *bracket* or an *arrow. B*, quantitation of the DNA binding activity of WT-FANCI, R1285Q, and D1301A to dsDNA, splayed arm, and Holliday junction (*HJ*). All experiments were repeated at least three times. *Error bars*, S.D. values. *Broken lines* with *filled markers*, WT-FANCI; *blue solid lines* with *open markers*, R1285Q; *red solid lines* with *filled markers*, D1301A. *WT*, wild type.](zbc0390986780003){#F3}

FANCI has a conserved EDGE motif at its C terminus, as does FANCD2. The FANCD2 EDGE motif is not required for monoubiquitination but is required for MMC sensitivity ([@B28]). To test if this motif is involved in the regulation of DNA binding, we created a mutant by changing aspartic acid 1301 into alanine (D1301A). The purified FANCI^D1301A^ protein ([Fig. 1](#F1){ref-type="fig"}*B*) showed dramatically enhanced DNA binding for all substrates ([Fig. 3](#F3){ref-type="fig"}, *A* and *B*, *D1301A panel*). In summary, these results indicate that although the C terminus of FANCI is dispensable for the direct DNA binding activity, it probably regulates the dynamics of DNA binding.

#### FANCI Interacts with FANCD2 through its C Terminus to Recognize Branched Structures

Because FANCI forms an interdependent complex with FANCD2 and this complex form is required for the monoubiquitination and chromatin association ([@B11]), we next ask what the effect of FANCD2 is on the DNA binding activity of FANCI. We co-transfected the High Five insect cells with both hexahistidine-tagged FANCI and non-tagged FANCD2 viruses for complex formation. After nickel column, a small portion (∼5%) of FANCD2 was co-purified with the tagged FANCI, indicating the weak interaction between FANCI and FANCD2. Further purification with the Superdex 200 gel filtration column did not separate the two proteins. FANCI (150 kDa with tag) and FANCD2 (164 kDa) probably formed a 1:1 complex, since the elution peak position on the gel filtration column matched the calculated molecular mass of the heterodimeric ID complex, which is 314 kDa ([Fig. 4](#F4){ref-type="fig"}*A*). We also observed that the ID complex was eluted immediately after the void volume of the column, indicating either a higher order of complex formation or an aggregate formation ([Fig. 4](#F4){ref-type="fig"}*A*). The complex formation was also verified by the distinct behavior of FANCD2 alone on the gel filtration. The elution peak of FANCD2 on the gel filtration column was at fractions 25 and 26 (∼150--200 kDa), indicating that the monomeric FANCD2 was the major form ([Fig. 4](#F4){ref-type="fig"}*A*).

![**FANCI interacts with FANCD2 to recognize branched structures.** *A*, SDS-PAGE of the ID complex (314 kDa) and FANCD2 (164 kDa) alone on the Superdex 200 column. The column calibration was performed with blue dextran for void volume and a series of molecular weight markers (Sigma). The peaks of each marker in kilodaltons are approximately marked at the *top*. Fraction numbers (0.5 ml/tube) are marked at the *bottom*. FANCI and FANCD2 are indicated by *arrows*. \*, His~6~ tag. *B*, co-immunoprecipitation of FANCI mutants with FANCD2. All FANCI mutants were tagged with His~6~. The antibody used for pull-down (*IP*) was an anti-His~6~ antibody (Calbiochem). The antibody used for detection (*IB*) was a FANCD2-specific antibody. *WT-I*, wild-type FANCI; *D2*, FANCD2. R1285Q, D1301A, 1--1000, and 1001--1328 are different mutants of FANCI. *C*, DNA binding activity of the ID complexes and FANCD2. EMSAs were performed with titration of the indicated protein mutants. Concentrations of the wild-type ID complex and D1301A-FANCD2 complex were 0, 25, 50, 60, and 70 n[m]{.smallcaps} (ascending triangles). Concentrations of FANCD2 were 0, 50, 100, and 150 n[m]{.smallcaps} (*ascending triangles*). The substrate concentration was 1 n[m]{.smallcaps}. *Diagrams* of the DNA substrates are shown at the *top* of each set of reactions. \*, ^32^P-labeled 5′-end. Protein-DNA complex is indicated by a *bracket* or an *arrow. D*, quantitation of the DNA binding by the wild-type ID complex in *C. Red solid lines* with *open markers*, branched structures. *Broken lines* with *filled markers*, non-branched structures.](zbc0390986780004){#F4}

To further verify the FANCI-FANCD2 interaction and to map out the FANCD2-interacting domain of FANCI, we performed a co-immunoprecipitation assay using purified proteins ([Fig. 4](#F4){ref-type="fig"}*B*). An anti-His~6~ antibody was able to pull down a very small portion of the input FANCD2 when it was incubated with the His~6~-tagged wild-type FANCI and non-tagged FANCD2 ([Fig. 4](#F4){ref-type="fig"}*B*, *lane 4*). This is specifically due to the interaction between His~6~-FANCI and FANCD2, since the same antibody was incapable of pulling down FANCD2 in the absence of FANCI ([Fig. 4](#F4){ref-type="fig"}*B*, *lane 3*). Co-immunoprecipitation analysis with the truncated FANCI indicated that FANCI interacts with FANCD2 through its C terminus ([Fig. 4](#F4){ref-type="fig"}*B*, compare *lanes 7* and *8*). Although the EDGE mutant FANCI^D1301A^ was able to interact with FANCD2 efficiently, the patient-oriented mutant FANCI^R1285Q^ showed dramatically reduced interaction with FANCD2 ([Fig. 4](#F4){ref-type="fig"}*B*, *lanes 5* and *6*). This observation was further enhanced by the facts that FANCI^D1301A^ can be co-purified with FANCD2, whereas FANCI^R1285Q^ cannot ([Fig. 1](#F1){ref-type="fig"}*B*) (data not shown).

The EMSA with our purified FANCD2 showed a previously reported Holliday junction binding activity ([@B34]), but we were unable to observe the reported dsDNA binding activity ([Fig. 4](#F4){ref-type="fig"}*C*, *FANCD2 panel*). One obvious difference is that our purified FANCD2 protein does not contain any tag or additional amino acids, whereas the FANCD2 purified by Park *et al.* contains 9 additional amino acids at its N terminus. When we tested for the DNA binding activity of the purified ID complex ([Figs. 1](#F1){ref-type="fig"}*B* and [4](#F4){ref-type="fig"}*A*), surprisingly different dynamics were observed when compared with either FANCI alone or FANCD2 alone ([Fig. 4](#F4){ref-type="fig"}*C*, *ID panel*). The ID complex had dramatically lower binding activity toward dsDNA, 5′-tailed, 3′-tailed, and, to a lesser extent, ssDNA than FANCI alone (compare [Fig. 1](#F1){ref-type="fig"}*C* with [Fig. 4](#F4){ref-type="fig"}*C*, *ID panel*). But the ID complex retained robust affinity for the splayed arm and Holliday junction and good binding activity to the 5′-flap, 3′-flap, and static fork structures ([Fig. 4](#F4){ref-type="fig"}, *C* and *D*). One common feature of the latter substrates is that they are branched structures. These results indicate that the purified ID complex preferentially recognizes branched DNA structures.

The EDGE mutant FANCI^D1301A^ interacts and forms a complex with FANCD2 ([Figs. 1](#F1){ref-type="fig"}*B* and [4](#F4){ref-type="fig"}*B*), but the FANCI^D1301A^-FANCD2 complex showed dramatically lower substrate discrimination than the wild-type ID complex ([Fig. 4](#F4){ref-type="fig"}*C*, compare *ID panel* with *D1301A-D2 panel*). Although the FANCI^D1301A^-FANCD2 complex showed some preference toward branched structures (compare [Fig. 4](#F4){ref-type="fig"}*C* (*D1301A-D2 panel*) with [Fig. 3](#F3){ref-type="fig"}*A* (*D1301A panel*)), it bound to non-branched structures (ssDNA, dsDNA, 5′-tailed, and 3′-tailed) much better than wild-type ID complex ([Fig. 4](#F4){ref-type="fig"}*C*).

Since the R1285Q mutant of FANCI has weak interaction and failed to be co-purified with FANCD2 ([Fig. 4](#F4){ref-type="fig"}*B*) (data not shown), we examined how FANCD2 affects the DNA binding activity of R1285Q by adding the individually purified R1285Q and FANCD2 together in the EMSA. Results indicated that FANCD2 did not have any effect on the DNA binding activity of R1285Q (data not shown). In fact, even gel shift assays performed by adding individually purified WT-FANCI and FANCD2 together did not show preferential binding to the branched structures (data not shown). This is not surprising when the strength of the interaction between FANCI and FANCD2 is considered ([Fig. 4](#F4){ref-type="fig"}*B*). Although R1285Q showed slightly reduced DNA binding activity, we think that the lack of complex formation with FANCD2 is more likely to be the reason why R1285Q fails to form nuclear foci with the MMC treatment ([@B11]).

#### FANCI Forms Nuclear Foci and Colocalizes with PCNA and FANCD2

Since FANCI and the ID complex bind to undamaged DNA and branched structures *in vitro* ([Figs. 1](#F1){ref-type="fig"}[](#F2){ref-type="fig"}[](#F3){ref-type="fig"}--[4](#F4){ref-type="fig"}), we next examined if endogenous FANCI associates with chromatin and replication sites in intact cells in the absence of DNA-damaging agents. For this purpose, we assessed FANCI localization in HeLa S3 cells by immunofluorescence microscopy using an anti-FANCI antibody used by Smogorzewska *et al.* ([@B11]). The HeLa cells were fixed by cold methanol instead of formaldehyde, because methanol is also considered as a permeabilizing and partial extraction agent, and it is particularly useful to study proteins associated with replication sites ([@B39], [@B40]).

Analysis of the acquired confocal microscopy images revealed FANCI foci in nearly all of the untreated HeLa-S3 cells. Interestingly, most of these foci colocalized with endogenous PCNA foci in undamaged cells ([Fig. 5](#F5){ref-type="fig"}*A*, −*MMC* −*Triton*). PCNA is well known as a DNA sliding clamp for DNA polymerases and as a replication and repair marker that is abundantly expressed in proliferating cells ([@B37], [@B41], [@B42]). It has been previously reported that PCNA foci after methanol extraction actually represent the PCNA associated with replication sites ([@B40]). Thus, our data indicate that FANCI is likely to be associated with DNA replication. When untreated cells were also stained with a FANCD2 antibody, FANCI was found to perfectly colocalize with FANCD2 in the absence of exogenous DNA-damaging agents ([Fig. 5](#F5){ref-type="fig"}*B*, −*MMC* −*Triton*).

![**FANCI forms nuclear foci and colocalizes with PCNA and FANCD2 in the absence or presence of DNA damage.** Methanol-fixed cells with or without Triton X-100 pre-extraction were stained pairwise with either FANCI- and PCNA-specific antibodies (*A*), or FANCI- and FANCD2-specific antibodies (*B*). The stained cells were subject to confocal microscopy. Because the Triton X extraction dramatically reduced the fluorescence signal of FANCI in the absence of MMC treatment, we presented a two-dimensional view of a three-dimensional reconstruction of multifocal plane images to enhance the signal. The *images* in the −*MMC* +*Triton panels* of both *A* and *B* reflect overall signal level of the whole cell. *Other panels* represent a two-dimensional view of one focal plane image. *Green*, FANCI. *Red*, PCNA or FANCD2. *Yellow* and *arrows*, colocalization. Nuclei were stained with 4′,6-diamidino-2-phenylindole (*DAPI*) (*blue*).](zbc0390986780005){#F5}

After further extraction with Triton X-100, the number of FANCI foci was dramatically reduced. But we still found FANCI colocalized with PCNA and FANCD2 in a subset of the treated HeLa-S3 cells ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*, −*MMC* +*Triton*). This observation leads us to conclude that FANCI-FANCD2 is indeed associated with DNA and replication in intact cells, although the association is weak in the absence of exogenous DNA damage.

In the presence of MMC treatment, significantly more FANCI foci were observed ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*, compare +*MMC* −*Triton* with −*MMC* −*Triton*). FANCI still colocalized perfectly with FANCD2 and partially with PCNA ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*, +*MMC* −*Triton*). With further Triton extraction, the colocalization between FANCI, PCNA, and FANCD2 remained. Intriguingly, both FANCI and FANCD2 foci became more resistant to Triton extraction in response to MMC treatment, indicating stronger association of FANCI-FANCD2 with chromatin and replication sites ([Fig. 5](#F5){ref-type="fig"}, *A* and *B*, compare +*MMC* +*Triton* with −*MMC* +*Triton*).

DISCUSSION
==========

Inspired by the DNA binding activity of FANCD2 and the sequence similarity between FANCI and FANCD2 ([@B11], [@B13], [@B34]), we discovered the DNA binding activity of FANCI. Unlike FANCD2, which binds to Holliday junction ([@B34]),[^4^](#FN4){ref-type="fn"} FANCI by itself is a very promiscuous DNA-binding protein. It has affinity to all structures we tested. The DNA binding activity of FANCI is also much stronger than that of FANCD2 in our study ([Fig. 4](#F4){ref-type="fig"}). Physical mapping of the protein indicates that, very similar to FANCD2, FANCI has a relatively large DNA binding domain ranging from residue 200 to residue 1000. One has to keep in mind that a caveat about comparing the DNA binding activities of various FANCI truncation mutants is that they may not all be equally pure and properly folded. To reduce this possibility, all proteins were purified in 4 °C in a relatively short period of time (2 days). Additionally, we only used the proportional Coomassie Brilliant Blue staining to guarantee purity of the proteins. The similar and relatively high affinity of most FANCI truncation mutants with various DNA substrates also helps to show that these truncated proteins may be in their correct conformations ([Fig. 2](#F2){ref-type="fig"}, *A*, *B*, *D*, *E*, and *F*; 40--60 n[m]{.smallcaps} for 50% shift).

Both FANCI and FANCD2 are leucine-rich proteins with 14.8 and 13.4% leucine residues, respectively. Leucine-rich proteins usually contain ARM repeats, HEAT repeats, leucine-rich repeats, or leucine zipper structures that are generally related to protein-protein interaction, DNA binding, and RNA binding ([@B30], [@B43][@B44][@B45]--[@B46]). These repeated superhelical assemblies of α helices and/or β sheets provide larger accessible surface for interactions than a more globular protein with comparable molecular weight ([@B44]). It is likely that the leucine-rich property of FANCI and FANCD2 enables these two proteins to interact with DNA and other interstrand cross-link repair proteins. According to a virtual structure simulation conducted using the YASARA structure program (available on the World Wide Web), the full-length FANCI could indeed form a relatively stable superhelical structure consisting of HEAT repeats and ARM repeats that might provide a platform for DNA interaction (data not shown).

The leucine zipper in the N terminus of FANCI does not bind to DNA directly ([Fig. 2](#F2){ref-type="fig"}*H*), but it could contribute to the protein stability. A L137A/L144A double mutant on the conserved leucines makes FANCI very unstable and difficult to express (data not shown). Very interestingly, we found that the C terminus of FANCI is dispensable for DNA binding, but it plays a very important regulatory role for the DNA binding. Two point mutations (R1285Q and D1301A) at the C terminus altered the DNA binding activity of FANCI. Coincidentally, FANCD2 interacts with FANCI through this C terminus and channels the DNA binding specificity of the FANCI (or the ID complex) toward branched structures ([Fig. 4](#F4){ref-type="fig"}). The ARM repeats located at the C terminus of FANCI could mediate the interaction between FANCI and FANCD2, but the extreme C terminus of FANCI is very important too. The R1285Q mutation, outside of the ARM repeats, disrupts the interaction between FANCI and FANCD2 (this study) and therefore explains its inability to induce FANCD2 monoubiquitination and nuclear foci formation ([@B11]). It is conceivable that FANCD2 would change the conformation of FANCI or both FANCI and FANCD2 reciprocally through interaction and therefore alter their DNA binding specificity. The altered DNA binding specificity (less dsDNA affinity) of the N-terminal aa 1--800 fragment (FANCI-(1--800)) provided the evidence that N terminus of FANCI is sensitive to conformational changes that cause alteration of binding specificity as a consequence. The multiple shift bands and the unusually high mobility for Holliday junction caused by this mutant may also be due to the altered dynamics of DNA binding ([Fig. 2](#F2){ref-type="fig"}*E*), although multiple molecule binding is certainly another possibility. The EDGE motif in FANCD2 is dispensable for monoubiquitination of FANCD2 but not for MMC sensitivity ([@B28]). Our data on the FANCI^D1301A^ mutant ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}*C*) suggest that the EDGE motif could affect dynamics of chromatin association or DNA substrate specificity of the ID complex during ICL repair. The enhanced DNA binding activity of FANCI^D1301A^ and decreased substrate selectivity of FANCI^D1301A^-FANCD2 complex could make FANCI and FANCD2 associate with DNA rigidly and non-specifically and therefore hinder the subsequent repair attempt. This scenario helps explain the defective ICL repair of the FANCD2 EDGE mutant even in the presence of normal FANCD2 monoubiquitination ([@B28]).

A very interesting observation of this study is the preferential binding activity of the ID complex to the branched structure. This property of FANCI-FANCD2 is surprisingly close to the branch-specific DNA binding specificity of FANCM ([@B36], [@B47]) and explains why the FA pathway of ICL repair is specific to the S phase. The preferential recognition of branched structures by the ID complex, but not by FANCI or FANCD2 alone, also supports the observation that FANCD2 is hardly detectable in the chromatin fraction in FANCI-deficient cells and the notion that FANCI could be a localizer of FANCD2 to chromatin ([@B2], [@B48]). Alpi and Patel ([@B49]) recently proposed a very refreshing FANCD2/FANCI receptor hypothesis for how the ID complex is recruited to the damage site in order to promote DNA repair. Since the ID complex preferentially binds to branched (fork) structures, a stalled replication fork (branched) seems to be the best candidate as a "receptor." It will be interesting to determine if the phosphorylation and monoubiquitination of FANCI and FANCD2 would serve as the accessory factors to effect the complex formation and the recruitment to replication forks when DNA damage is present. The fork-targeting activity of the ID complex does not rule out the possibility that other factors, like FANCE, help to recruit the ID complex to the damage forks ([@B50]).

Remarkably, we also observed that FANCI forms nuclear foci and colocalizes with PCNA and FANCD2 in the absence of exogenous DNA damage and synchronization with or without Triton X pre-extraction. We selected methanol instead of formaldehyde to fix cells because of the partial extraction property of methanol and the advantage of using methanol fixation for study of replication sites, whereas the protein-protein cross-linking property of formaldehyde made it less supportive to our protein-DNA interaction study. The partial colocalization of FANCI and PCNA, a DNA replication and repair marker, further supports the preferential binding activity of branched structures (replication forks) of the ID complex. These data serve as the *in vivo* evidence that the ID complex binds to DNA and the branched structures. Enhanced FANCI and FANCD2 foci formation and resistance of these foci to Triton extraction after MMC treatment supports the concept that FANCI and FANCD2 work as a complex to execute their repair functions.

Smogorzewska *et al.* ([@B11]) observed FANCI foci formation in a subset of untreated cells and in nearly all cells after DNA damage. Using the same antibody, we observed that FANCI formed nuclear foci in more untreated cells ([Fig. 5](#F5){ref-type="fig"}) (data not shown). The discrepancy can be explained by usage of different type of cells and different fixation. Even in the absence of exogenous DNA damaging agents, cultured cells are under constant attack spontaneously by many genotoxic agents ([@B51]). The spontaneous DNA damage or secondary structures on DNA could block replication, activate FANCI-FANCD2 proteins, and therefore account for the FANCI and FANCD2 foci formation in unperturbed cells.

The DNA binding activity of FANCI, branch recognition activity of the ID complex, and colocalization of the ID complex with PCNA in the absence of exogenous DNA damage also support the observation that FA proteins are involved in stabilizing replication forks during unperturbed S phase and DNA replication ([@B8], [@B11], [@B52][@B53]--[@B54]). Based on the preferential binding activity of the ID complex toward branched structures and previous knowledge ([@B9]), a working model is proposed ([Fig. 6](#F6){ref-type="fig"}). We hypothesize that the ID complex is the major form of FANCI and FANCD2 for repair of damaged replication forks. The ID complex formation is regulated by DNA damage level. When DNA damage level is high enough to affect the progression of replication forks, FANCI will be phosphorylated by ATR kinase, and the phosphorylated FANCI could shift the equilibrium of FANCI and FANCD2 interaction toward more ID complex formation. The ID complex will then be recruited to stalled replication forks through its preferential fork recognition activity. FANCI is functionally acting as a localizer of FANCD2 to replication forks through its robust DNA binding activity and its interaction with FANCD2 during the damage response ([@B2]) (this study). This hypothesis is supported by the fact that the phosphorylation of FANCI is required for FANCD2 foci formation and monoubiquitination ([@B16]). At the same time of FANCI phosphorylation and recruitment, the FA core complex is activated by ATR-mediated checkpoint response. Through its FANCM-FAAP24 translocase component, the activated FA core translocates along DNA to the damaged fork, where it meets and monoubiquitinates the ID complex present at the site ([@B9]) ([Fig. 6](#F6){ref-type="fig"}). The monoubiquitinated FANCD2 will then recruit downstream repair factors, including ICL unhooking endonucleases (*e.g.* XPF-ERCC1 and/or MUS81/EME1), translesion synthesis polymerases (*e.g.* REV1/Polζ, Polκ, and/or Polθ), double strand break repair factors (*e.g.* BRCA1, FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2, and RAD51), and replication restart factors (*e.g.* BRAFT complex) ([@B9]).

![**A working model for the role of FANCI DNA binding in ICL repair.** An equilibrium of FANCI and FANCD2 interaction exists to sense DNA damage level that stalls replication forks in a cell. When DNA damage level is high, more ID complex will be formed and bound to stalled replication forks. The phosphorylation of FANCI could promote ID complex formation. The ID complex bound to the stalled fork will then be monoubiquitinated by the translocating FA core and therefore recruits downstream factors to initiate repair. When the damage is repaired or when the cells are free of damage, FANCI and FANCD2 in the ID complex tend to dissociate from each other because of dephosphorylation and deubiquitination. The hypothesized tendency of balance shift is indicated by either *boldface solid arrows* (association) or *broken thin arrows* (dissociation). A *question mark* denotes that this step is fully hypothetical without any direct evidence. FANCI and FANCD2 are *highlighted* with *orange*. The FA core complex with 10 subunits is depicted using *gray ovals* with their *FA group letters*. FANCL is the ubiquitin ligase. *Red zigzag line*, interstrand cross-link. *Blue circle* with the letter *P*, phosphorylation. *Red circle* with *Ub*, monoubiquitination.](zbc0390986780006){#F6}

When the damage becomes low after efficient repair, deubiquitination and dephosphorylation events dominate. Deubiquitination of FANCD2 will dismiss the repair regiments, and dephosphorylation of FANCI will shift the balance of FANCI and FANCD2 interaction toward dissociation from each other and therefore less recruitment to forks ([Fig. 6](#F6){ref-type="fig"}). Our observation that the unmodified FANCI and FANCD2 are very inefficient in forming the ID complex supports this notion. This scenario is also applicable to the unperturbed cell cycle, when the damage is low and limited to endogenous resources and thus the phosphorylation level is low.

Clearly, a lot more work is required to prove the validity of our working model. For example, it will be very interesting to find out if the modification on FANCI and FANCD2, particularly the phosphorylation of FANCI and/or the monoubiquitination of FANCD2 ([@B16], [@B49]), would shift the equilibrium of FANCI and FANCD2 interaction toward more ID complex formation. Measurement of the affinity of FANCI and the ID complex to DNA damage, including single strand base modifications and ICLs, should be crucial to understanding if the ID complex is specialized in dealing with ICLs only or all replication-stalling lesions. It will also be critical to evaluate how the phosphorylation and monoubiquitination affects the DNA binding activity of FANCI and the ID complex. Apparently, another interesting challenge is to determine if the DNA binding activity of the ID complex has anything to do with the ICL unhooking, translesion synthesis, and double strand break repair directly. Since the ID complex binds to the Holliday junction very well, it deserves further investigation to find out what the ID complex would do to help resolve the Holliday junction.
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